The electrodynamic behaviour of the high-temperature superconductors is strongly affected by the anisotropy of these layered materials. When a pair of coils is positioned on opposite sides of a superconducting thin film, measurements of their mutual inductance can be used to infer the anisotropy of the superconductor. The fundamental and higher harmonic responses of YBa 2 Cu 3 O 7+δ (YBCO) thin films to an alternating driving signal have been studied experimentally as a function of magnetic field for various angles between the applied field and the film plane at several temperatures. The measured data for different angles can be scaled onto a single curve using a three-dimensional scaling relation. The derived anisotropic parameter ranges from 4.4 to 4.8 in the measured temperature region, and is close to that from transport measurements.
Introduction
High-temperature superconductors have a layered structure with superconducting copper oxide planes separated by nonsuperconducting layers. In their mixed state, power dissipation caused by flux motion shows highly anisotropic behaviour. This anisotropy gives rises to interesting physics and new phenomena [1, 2] . However, it is the source of many difficult problems with respect to the development of hightemperature superconductors for applications [3] . Thus, studying the angular dependence of the dissipation is of great importance for both a fundamental understanding as well as potential applications. In the absence of defects, most of the physical properties can be understood theoretically in terms of the anisotropic Ginzburg-Laudau theory, which treats the superconductor as a continuum but with different properties along the three principle axes [4] .
Experimentally, complex response functions such as susceptibility and mutual inductance are often used to study the electromagnetic properties of superconductors. For instance, the real part of the susceptibility is associated with the diamagnetic response or intrinsic penetration depth, while 1 Author to whom correspondence should be addressed. the imaginary part of the susceptibility is connected with the dissipation. Moving vortices are known to strongly influence the responses when a type-II superconductor is in its mixed state. In this paper we studied the physical properties and the angular dependence of an YBa 2 Cu 3 O 7+δ (YBCO) thin film through a mutual inductance measurement. This technique, originally developed by Fiory et al [5] , involves sandwiching a thin-film superconductor between a pair of axially symmetric coils. It was found that the fundamental and higher harmonic responses χ n = χ n − iχ n (n = 1, 3, 5) from the pick-up coil as a function of magnetic fields for various angles between the applied field and the film plane, at several temperatures, were well described by a three-dimensional scaling relation.
Experimental details
YBa 2 Cu 3 O 7+δ (YBCO) thin films were prepared on (001)-SrTiO 3 substrates by pulsed laser deposition.
The experimental apparatus and its general performance have previously been reported [6] . The square samples with dimensions of 10 mm × 10 mm had an overall thickness of ∼200 nm. The x-ray diffraction pattern confirmed that the thin films were composed of an YBCO phase and highly textured, with the c-axis perpendicular to the substrate. • . The effect of the sweep rate of the magnetic field is also shown.
The harmonic ac responses were measured using a screening method with a small driving field perpendicular to the film plane [5, 7] . A pair of pancake-shaped coils on a common axis was positioned on the opposite sides of the thin film. The mean diameter of the coils (∼3 mm) is much smaller than the sample size. The driving signal h 0 sin(2πf t) with h 0 = 1-5 Oe and f = 1111 Hz was applied to the driving coil that was in close contact with one side of the sample. The induced signal in the opposite pick-up coil was sent to an EG&G 5302 lock-in amplifier. A function generator was used to provide both the driving signal for the driving coil and the reference signal for the lock-in amplifier. To obtain the real and imaginary parts of the harmonic ac responses, the phase angle was adjusted in such way that the fundamental out-of-phase signal above T c was zero. A Lake Shore 340 temperature controller was used to monitor the temperature of the sample. During the measurements, the temperature stability was better than 50 mK. The magnetic field was applied by an electromagnet and measured by a calibrated Gauss meter. 
Results and discussion
The fundamental and higher harmonic responses were measured as a function of magnetic field for various angles from −90
• to 90
• in an interval of 2.5
• at several fixed temperatures. Figure 1 shows their typical field dependence at T = 86 K for an angle θ = 87.5
• , which is near the case of H c. With increasing magnetic field, the real part χ 1 of the fundamental response increased and saturated at about 1 T while the imaginary part χ 1 showed a peak. The third and fifth harmonics χ 3 and χ 5 were slightly more complicated than the fundamental. When the magnetic field approached zero, χ 3 and χ 5 were zero. With increasing field they began to oscillate between positive and negative values. They both returned to zero again when H > 1 T.
As it has been pointed out [8, 9] , there are no analytic expressions of χ n and χ n for our present field configuration. Suppose that the thin film can be simply modelled as a ring with • at several temperatures.
two terminals of the pick-up coil is
where I drive is the driving current in the driving coil, L is the self-inductance of the superconducting ring, M 0 is the mutual inductance between the driving and pick-up coils, and M 1 and M 2 are mutual inductances between the superconducting ring and the driving and pick-up coils, respectively. Equation (1) tells us that the fundamental and higher harmonics are determined by the current-voltage relation E( J ) of the thin film. Using this simple model, we have qualitatively explained the behaviour of high harmonic responses of high-temperature superconductors as a function of magnetic field [9] . To improve on the one-ring model, the thin film could be modelled by N ( 1) loops. Gilchrist and Brandt [12] have considered this case with the current-voltage relation as field is sufficiently high, both J c and σ go to zero, and we obtain V pick = M 0 dI drive /dt. The real part of the fundamental response reaches its maximum while the imaginary part of the fundamental and all higher harmonics become zero.
The effect of field history is also shown in figure 1. For increasing and decreasing magnetic fields, the fundamental and higher harmonics follow the same characteristic variation. However, there is a shift between the two curves. The shift depends on the sweep rate dH/dt of the magnetic field. With decreasing sweep rate, the shift decreased due to the relaxation of magnetic flux in the thin film. From figure 1 we also found that the two curves with dH/dt = 20 G s −1 and dH/dt = 40 G s −1 showed a smaller shift when the magnetic field was increased.
The angular dependence of χ n and χ n at T = 86 K is shown in figure 2 . The data were obtained by rotating the angle at a constant magnetic field H = 1.2 T. It is obvious that the variations of χ n and χ n with angles are symmetrical with respect to θ = 0
• , i.e. the ab plane. When it was rotated in the magnetic field, the thin film experienced a transition from nearly non-shielding states at large angles to nearly fullshielding states at low angles. Compared with the curves in figure 1 , we see that the effective magnetic field or the field component that has influence upon the superconductivity of the sample decreases with decreasing angles. The curves in figure 2 showed a cusp behaviour near H ⊥ c, which was also observed in the magnetoresistance and critical current density [13, 14] . The quasi two-dimensional nature of hightemperature superconductors is believed to be responsible for such a cusp behaviour. For two-dimensional superconductors, Kes et al [15] have proposed that the field component parallel to the c-axis, H sin θ, determines their magnetic properties. This means that the effective magnetic field is zero when H is parallel to the ab plane. From figure 1, we can see that the fundamental and all higher harmonics should be zero if the effective magnetic field is very low. The curves in figure 2 , however, do not follow such a prediction. The deviation can be easily understood if we take into account the factor that the twodimensional flux system exists only at unattainably high fields in YBCO thin films [16] . In general, the three-dimensional Ginzburg-Laudau theory suggests that the effective field is
where γ is the anisotropic parameter [17, 18] . The fundamental and higher harmonics can be scaled as
The field dependence of the fundamental response χ n (H, θ ) and χ n (H, θ ) with the magnetic field increasing for various angles is shown in figure 3 . The curves moved to higher magnetic field when the angle was decreased. The third and fifth higher harmonics show the same behaviour. If our experimental data can be described by equation (2), the χ n versus χ n plot should show no difference between the experimental data obtained at different angles. In other words, the experimental data measured at various angles should be scaled onto a single curve when plotted by χ n versus χ n . Figure 4 shows the experimental data for χ 1 (χ 1 ). We plotted the experimental data for increasing and decreasing magnetic field. It can be seen that all data collapsed onto a single curve. We also found that the sweep rate dH/dt of the magnetic field showed little effect on the scaling. The insert in figure 4 shows the experimental data at different temperatures for θ = 17.5
• . To further examine the anisotropy of the YBCO thin film, we plotted the fundamental and higher harmonic responses as a function of the effective magnetic field H e . Figure 5 shows the typical field dependence at various angles using the anisotropic factor γ as a scaling parameter. It can be seen that the scaling is quite successful. The scaling parameter γ is 4.4-4.8 for all our experimental data measured at several temperatures. Recent studies confirm that the anisotropic factor γ depends on the oxygen content 7+δ in YBCO thin films [16] . When the oxygen content is reduced from its optimal value, the transition temperature T c decreases. The anisotropic factor γ increases with decreasing T c . For a fully oxygenated YBCO, γ takes the value ∼5, which is close to our derived result.
Conclusions
Transport measurements and magnetic studies are two main approaches to studying the angular dependence of vortex behaviour for high-temperature superconductors. Up until now, most experimental data come from the former approach, which strongly depends on the local details of the sample. In order to infer the anisotropy of the whole YBa 2 Cu 3 O 7+δ thin film, we performed measurements of the mutual inductance between two small coils positioned on opposite sides of the thin film. The fundamental and higher harmonic responses as a function of magnetic field for various angles between the applied field and the film plane were scaled using a threedimensional scaling relation. It was found that the measured data χ n (H, θ ) (n = 1, 3, 5) just followed the scaling theory. The derived anisotropic parameter is consistent with the results from transport measurements.
